In many prokaryotic species, 16S rRNA genes are present in multiple copies, and their sequences in general do not differ significantly owing to concerted evolution. At the time of writing, the genus Haloarcula of the family Halobacteriaceae comprises nine species with validly published names, all of which possess two to four highly heterogeneous 16S rRNA genes. Existence of multiple heterogeneous 16S rRNA genes makes it difficult to reconstruct a biological phylogenetic tree using their sequence data. If the orthologous gene is able to be discriminated from paralogous genes, a tree reconstructed from orthologous genes will reflect a simple biological phylogenetic relationship. At present, however, we have no means to distinguish the orthologous rRNA operon from paralogous ones in the members of the family Halobacteriaceae. In this study, we found that the dihydroorotate oxidase gene, pyrD, was present in the immediate upstream of one 16S rRNA gene in each of ten strains of the family Halobacteriaceae whose genome sequences have been determined, and the direction of the pyrD gene was opposite to that of the 16S rRNA genes. In two other strains whose genome sequences have been determined, the pyrD gene was present in far separated positions. We designed PCR primer sets to amplify DNA fragments encompassing a region from the conserved region of the pyrD gene to a conserved region of the tRNA-Ala gene or the 23S rRNA gene to determine the 16S rRNA gene sequences preceded by the pyrD gene, and to see if the pyrD gene is conserved in the immediate upstream of rRNA operon(s) in the type strains of the type species of 28 genera of the family Halobacteriaceae. Seventeen type strains, including the ten strains mentioned above, gave amplified DNA fragments of approximately 4000 bp, while eleven type strains, including the two strains mentioned above, did not give any PCR products. These eleven strains are members of the Clade I haloarchaea, originally defined by Walsh et al. (2004) and expanded by Minegishi et al. (2010) . Analysis of contig sequences of three strains belonging to the Clade I haloarchaea also revealed the absence of the pyrD gene in the immediate upstream of any 16S rRNA genes. It may be scientifically sound to hypothesize that during the evolution of members of the family Halobacteriaceae, a pyrD gene transposition event happened in one group and this was followed by subsequent speciation processes in each group, yielding species/genera of the Clade I group and 'the rest' of the present family Halobacteriaceae.
In many prokaryotic species, 16S rRNA genes are present in multiple copies, and their sequences in general do not differ significantly owing to concerted evolution. At the time of writing, the genus Haloarcula of the family Halobacteriaceae comprises nine species with validly published names, all of which possess two to four highly heterogeneous 16S rRNA genes. Existence of multiple heterogeneous 16S rRNA genes makes it difficult to reconstruct a biological phylogenetic tree using their sequence data. If the orthologous gene is able to be discriminated from paralogous genes, a tree reconstructed from orthologous genes will reflect a simple biological phylogenetic relationship. At present, however, we have no means to distinguish the orthologous rRNA operon from paralogous ones in the members of the family Halobacteriaceae. In this study, we found that the dihydroorotate oxidase gene, pyrD, was present in the immediate upstream of one 16S rRNA gene in each of ten strains of the family Halobacteriaceae whose genome sequences have been determined, and the direction of the pyrD gene was opposite to that of the 16S rRNA genes. In two other strains whose genome sequences have been determined, the pyrD gene was present in far separated positions. We designed PCR primer sets to amplify DNA fragments encompassing a region from the conserved region of the pyrD gene to a conserved region of the tRNA-Ala gene or the 23S rRNA gene to determine the 16S rRNA gene sequences preceded by the pyrD gene, and to see if the pyrD gene is conserved in the immediate upstream of rRNA operon(s) in the type strains of the type species of 28 genera of the family Halobacteriaceae. Seventeen type strains, including the ten strains mentioned above, gave amplified DNA fragments of approximately 4000 bp, while eleven type strains, including the two strains mentioned above, did not give any PCR products. These eleven strains are members of the Clade I haloarchaea, originally defined by Walsh et al. (2004) and expanded by Minegishi et al. (2010) . Analysis of contig sequences of three strains belonging to the Clade I haloarchaea also revealed the absence of the pyrD gene in the immediate upstream of any 16S rRNA genes. It may be scientifically sound to hypothesize that during the evolution of members of the family Halobacteriaceae, a pyrD gene transposition event happened in one group and this was followed by subsequent speciation processes in each group, yielding species/genera of the Clade I group and 'the rest' of the present family Halobacteriaceae.
INTRODUCTION
The three rRNA genes, 16S, 23S and 5S rRNA, are typically linked together into an operon. In many prokaryotic species, rRNA operons are present in multiple copies and their sequences in general do not differ significantly owing to concerted evolution (Eickbush & Eickbush, 2007; Liao, 2000; Nei & Rooney, 2005) . The extreme halophile Haloarcula marismortui, a species of the family Halobacteriaceae, however, was the first in the domain 'Archaea' to be shown to have highly heterogeneous (95 % similarity) 16S rRNA genes (Mylvaganam & Dennis, 1992; Dennis et al., 1998) . The genome sequence of Har. marismortui (Baliga et al., 2004) confirmed the presence of three genes, rrs-1, rrs-2 and rrs-3, and the similarity between rrs-1 and rrs-3 was 94.4 %. Members of the family Halobacteriaceae, the single family in the order Halobacteriales of phylum 'Euryarchaeota', have been classified within 119 species of 32 genera using polyphasic approaches. The family accommodates the largest number of genera in the domain 'Archaea'. Species of eleven other genera also possess two to four copies of the 16S rRNA gene, with high heterogeneity in some species: Haladaptatus (Savage et al., 2007) , Halobaculum (H. Minegishi, unpublished data) , Haloferax (Hartman et al., 2010) , Halomicrobium (Cui et al., 2009) , Haloquadratum (Bolhuis et al., 2006) , Halorubrum (KEGG, see Methods), Halosimplex (Vreeland et al., 2002) , Haloterrigena (KEGG), Natrialba (KEGG), Natrinema (Boucher et al., 2004) and Natronoarchaeum (Shimane et al., 2010) . The greatest difference is 9.4% between the genes Hmuk_R0017 and Hmuk_R0036 of Halomicrobium mukohataei (retrieved from KEGG). At the time of writing, the genus Haloarcula comprises nine species with validly published names and a few species whose names have not been validly published, and most of them possess two to four highly heterogeneous 16S rRNA genes. Phylogenetic trees reconstructed from these gene sequences (Cui et al., 2009 ), however, are not able to suggest which species are the closest relatives of each other. If the orthologous gene is discriminated from paralogous genes (Koonin, 2005) , a tree reconstructed from orthologous genes only will give a simpler topology. At present, however, we have no means to distinguish the orthologous rRNA operon from paralogous ones in the members of the family Halobacteriaceae.
In 2006, we looked closely at the gene orders in the upstream and downstream of 16S rRNA gene(s) in genome sequences of Halobacterium salinarum strains R1 and NRC-1 (one copy), Natronomonas pharaonis DSM 2160 (one copy), Haloquadratum walsbyi HBSQ001 (two copies), and Har. marismortui ATCC 43049 (three copies) that were available at that time. It was noticed that the genes encoding two proteins, MC1 (non-histone chromosomal protein) (Chartier et al., 1989; Laine et al., 1991) and dihydroorotate oxidase (pyrD) (Jacquet et al., 1985; Larsen & Jensen, 1985) , were present in the immediate upstream (in the range 2400-3400 bp) of the 59 terminal of the single copy of Hbt. salinarum strains R1 (OE_r01) and NRC-1 (VNGr02), and Nmn. pharaonis (Npr03), as well as one copy of Hqr. walsbyi (HQr01) and Har. marismortui (rrs-1) out of two and three copies, respectively. The MC1 gene of Hqr. walsbyi was located in the opposite direction compared to those of the three other species. In the upstream of the other copies of the 16S rRNA gene, HQr06 of Hqr. walsbyi and rrs-2 and rrs-3 of Har. marismortui, however, the MC1 and pyrD genes were not present. Subsequently, three more genome sequences became public, Hmc. mukohataei DSM 12286 T (three copies), Halorhabdus utahensis DSM 12940 T (one copy) and Halorubrum lacusprofundi ATCC 49239 T (three copies). The MC1 and pyrD genes were again present in the immediate upstream of one copy (out of three copies in Hmc. mukohataei and Hrr. lacusprofundi) of the 16S rRNA gene. These data seemed to suggest that the 16S rRNA gene preceded by the MC1 and pyrD genes was the orthologue we were looking for.
In early 2010, genome sequences of Haloterrigena turkmenica DSM 5511 T (three copies) and Natrialba magadii ATCC 43099
T (three copies) were made public. The MC1 and pyrD genes, however, were not detected in the immediate upstream of any 16S RNA gene of either species. The two genes were located in clearly separated positions from each other and from the 16S rRNA genes. This fact seemed to suggest that the 'orthologous' 16S rRNA genes were missing in these two species. On the other hand, this fact reminded us that Htg. turkmenica and Nab. magadii were members of the Clade I haloarchaea, which has been disclosed in the phylogenetic tree reconstruction from 16S rRNA gene sequences and from RNA polymerase B9 gene sequences (Walsh et al., 2004; Enache et al., 2007; Minegishi et al., 2010;  Fig. 1 ). Now, the question is whether the species belonging to the Clade I haloarchaea are distinguished from other species of the family Halobacteriaceae from the viewpoint of gene order phylogeny (Belda et al., 2005; Luo et al., 2009 The pyrD gene encodes dihydroorotate oxidase (EC 1.3.98.1), required for de novo synthesis of uridine monophosphate. This is a single copy gene, at least in all archaeal species investigated so far, and the enzyme proteins consist of 349-357 amino acids in members of the family Halobacteriaceae and have highly conserved regions. The direction of the pyrD gene, when present, is opposite to that of the 16S rRNA genes, with no exceptions up to now (Table 1) . In this paper, we designed PCR primer sets based on the conserved regions of the pyrD and tRNA-Ala genes or the 23S rRNA genes to determine the 16S rRNA gene sequences preceded by pyrD, and to see if the pyrD gene is conserved in the immediate upstream of rRNA operon(s) in strains of the types species of 28 genera of the family Halobacteriaceae. We also extended the survey of genes further upstream of the 16S rRNA genes, as well as upstream and downstream of some other genes, to find any gene or gene array common to Clade I or members outside of Clade I, which is designated 'the rest' in this paper.
METHODS
Strains. The following type strains, except Hqr. walsbyi, of type species of 28 genera were cultivated in 3 ml media recommended by JCM (Japan Collection of Microorganisms) and genomic DNA was extracted and purified as described previously (Minegishi et al., 2010) T , 'Haloarcula californiae' JCM 8912 and 'Haloarcula sinaiiensis' JCM 8862 were also used in this study.
PCR primer sets and sequencing. The gene sequences of dihydroorotate oxidase, tRNA-Ala and 23S rRNA were downloaded from KEGG (Kyoto Encyclopedia of Genes and Genomes; http:// www.genome.jp/kegg/) and two primer sets were designed.
pyrD primer set 1: forward primer (designed from tRNA-Ala gene sequences, corresponding to nt 45-72 of Har. marismortui) 59-ATGGACCCACTGGGATTCGAACCCAGGGC-39; the reverse primer was a mixture of the following four primers, pyrDrev1 59-GCGTTCT-TGTCGAAYCCYGCNGC-39, pyrDrev2 59-GCGTTCTTGTCGAAYC-CRGCNGC-39, pyrDrev3 59-GCGTTCTTGTCGAARCCYGCNGC-39 and pyrDrev4 59-GCGTTCTTGTCGAARCCRGCNGC-39, corresponding to nt 196-218 of pyrD of Har. marismortui. Amplification with KOD Fx DNA polymerase (Toyobo, Japan) was started by incubation at 96 uC for 1 min, followed by 30 cycles of 30 s at 94 uC, 30 s at 60 uC and 2 min at 72 uC, a final extension was performed for 2 min at 72 uC. Aliquots of 5 ml were analysed by agarose gel (1 %) electrophoresis to confirm the products, followed by sequencing of 16S rRNA gene regions with primers 1-f 59-ATTCCGGTTGATCCTGCCGGAGGCC-39, 1-r 59-GG-CCTCCGGCAGGATCAACCGGAAT-39, 2-f 59-TTATTGGGCCTAAA-GCGTCCGTAGC-39, 2-r 59-GCTACGGACGCTTTAGGCCCAATAA-3', 3-f 59-GCCGTCAGCTCGTACCGTGAGGCGT-39, 3-r 59-ACGCCT- 
Haloterrigena turkmenica Htur_R0063
r# r# r# r# r# hyp x3 rmcO rdld rE2 rE1b rE1a rLAsyn 20 genes trp-tS phe-tL --MC1
Natrialba magadii Nmag_R0026
r# r# r# r# r# hyp x3 rmcO rdld rE2 rE1b rE1a rLAsyn 24 genes trp-tS phe-tL --MC1
Halopiger xanaduensis contig60 r# hyp x3 rmcO rdld rE2 rE1b rE1a rLAsyn ? trp-tS phe-tL --MC1 Taq DNA polymerase (TaKaRa) was started by incubation at 96 uC for 5 min, followed by 35 cycles of 20 s at 98 uC, 30 s at 60 uC and 1 min 30 s at 72 uC, a final extension was performed for 2 min at 72 uC. Aliquots of 5 ml were analysed by agarose gel (1 %) electrophoresis to see if DNA fragments were amplified or not by PCR. In some cases, the products were purified for further sequencing as described above. Phylogenetic tree reconstruction was done as described by Minegishi et al. (2010) .
Sources of downloaded sequences and annotations. Gene sequences and annotations were obtained from KEGG (Kanehisa & Goto, 2000; Kanehisa et al., 2006) . The contig sequences available at JGI -Genome Projects (Joint Genome Institute; http://www.jgi.doe. gov/genome-projects/pages/projects.jsf?kingdom=Archaea) and the Halophile genome site (http://edwards.sdsu.edu/halophiles/) were also downloaded for retrieval of genes. The rRNA operons and contigs analysed in this study are summarized in Supplementary  Table S1 (available in IJSEM Online).
RESULTS
A single 16S rRNA gene is preceded by pyrD in strains of the genus Haloarcula
Contig sequences of three strains of the genus Haloarcula, Har. vallismortis ATCC 29715 T , 'Har. californiae' ATCC 33799 and 'Har. sinaiiensis' ATCC 33800, were obtained from the Halophile genome site and gene orders were analysed along with those from unpublished contigs of Har. japonica JCM 7785 T (see Supplementary Table S1 ). Amongst multiple 16S rRNA genes found in the contig sequences of each strain, a single 16S rRNA gene was preceded by the MC1 and pyrD genes. These data have demonstrated that one out of multiple 16S rRNA genes is preceded by the pyrD gene in all species of the genus Haloarcula without any exceptions. In order to confirm the presence of the pyrD gene, we designed pyrD primer set 1 to amplify the region from the pyrD gene to the tRNA-Ala gene and pyrD primer set 2 to amplify from the pyrD gene to the 23S rRNA gene. From seven species with validly published names and two additional species of the genus Haloarcula, approximately 4000 bp DNA fragments were amplified. Direct sequencing of the products gave unambiguous sequences of 16S rRNA genes, showing that regions containing the 16S rRNA gene preceded by the pyrD gene were selectively amplified. A Haloarcula 16S rRNA gene tree was reconstructed from sequences determined in this study, those retrieved from the Halophile genome site and high quality databasesequences (sequenced after cloning of PCR products) ( Supplementary Fig. S1 ). Sequences with many ambiguous nucleotides and sequences that were determined by direct sequencing of PCR products were not included in this analysis.
The tree clearly demonstrates that sequences determined in this study are identical to the sequences in genomes or contigs (in red). The multiple 16S rRNA gene sequences are divided into two groups: (a) containing all sequences preceded by pyrD and (b) containing all sequences not preceded by pyrD, plus rrs-2 and rrs-3 from Har. Marismortui, other sequences from Har. Japonica and Har. Vallismortis, and 'Har. sinaiiensis' contig00146. A pruned tree reconstructed from selected sequences, nine from group (a) and five from group (b), is shown in Supplementary Fig. S2 .
PCR amplification with pyrD primer set 2 from type species of 28 genera
The survey of the presence of the pyrD gene in the upstream of 16S rRNA genes was extended to other genera by PCR with pyrD primer set 2. If the pyrD gene is not present in the immediate upstream, in less than approximately 50 kbp, of any 16S rRNA gene, no PCR products will be obtained. While all type species of 11 genera belonging to the Clade I haloarchaea, Hbf. haloterrestris, Hpg. xanaduensis, Hst. larsenii, Htg. turkmenica, Hvx. asiaticus, Nab. asiatica, Nnm. pellirubrum, Nbt. gregoryi, Ncc. occultus, Nln. baerhuensis and Nrr. bangense, did not give any PCR products within our experimental conditions ( Supplementary Fig. S3 ), the type species of 17 genera of 'the rest' gave approximately 4000 bp DNA fragments. These data strongly suggested that in genera of Clade I, 16S rRNA genes were not preceded by the pyrD gene, while in 'the rest', one 16S rRNA gene, out of multiple copies when present, is preceded by the pyrD gene.
Gene orders in the downstream of 16S rRNA genes
The genome maps of twelve species of the family Halobacteriaceae available at KEGG showed that the tRNA-Ala gene was present in the downstream of only one 16S rRNA gene, rrs-1 or Hmuk_R0017, respectively, in Har. marismortui and Hmc. mukohataei, preceded by the pyrD gene (Supplementary Table S1 ). In the ten other species, including two in Clade I, the tRNA-Ala gene was present in all rRNA operons. The 23S rRNA genes were followed by one or two copies of the 5S rRNA genes without exception. The following tRNACys gene, a single copy in all species of the genus Halobacteriaceae, is present only in the rRNA operon preceded by the pyrD gene, except in Hfx. volcanii. In the further downstream, no meaningful gene orders were detected, common to the twelve, or ten without Clade I, genome sequences.
Gene orders in the upstream of 16S rRNA genes of genera of 'the rest'
In the upstream of the ten 16S rRNA genes of the ten species where this gene is preceded by the pyrD gene, a conserved gene array was observed, in a region of 17 000 to 30 000 bp, in the order valyl-tRNA synthetase, phenylalanyl-tRNA synthetase, tryptophanyl-tRNA synthetase, lipoic acid synthase, pyruvate dehydrogenase E1 component subunit a and b, pyruvate dehydrogenase E2 component, dihydrolipoamide dehydrogenase. These are single copy genes in all strains of the family Halobacteriaceae whose genome sequences are reported. Some genes are not located within this region (Table 1 ) but placed in far separated positions in some genomes. These ten 16S rRNA genes preceded by the pyrD gene were all located on the main chromosome. More detailed gene orders between tryptophanyl-tRNA synthetase and lipoic acid synthase are summarized in Supplementary Table S2. On the other hand, in the upstream regions of 16S rRNA genes not preceded by the pyrD gene (rrs-2 and rrs-3 of Har. marismortui, HVO_3038 of Hfx. volcanii, Hmuk_R0036 and Hmuk_R0060 of Hmc. mukohataei, HQr06 of Hqr. walsbyi and Hlac_R0031 and Hlac_R0058 of Hrr. Lacusprofundi), no meaningful common gene orders were detected. Furthermore, the following 16S rRNA genes were not located on the main chromosome: rrs-2 on chromosome II, Hmuk_R0060 on plasmid pHmuk01 and Hlac_R0058 on chromosome 2. These observations overall seem to suggest that rRNA operons preceded by the pyrD and MC1 genes are orthologous in species of genera of 'the rest'.
Putative orthologous 16S rRNA gene in members of Clade I
In the two members of Clade I, the MC1 gene and the gene array of seven genes described above, from phenylalanyltRNA synthetase (phe-tS) to dihydrolipoamide dehydrogenase (dld), were preserved in the upstream of 16S rRNA genes (Htg. turkmenica Htur_R00063 and Nab. magadii Nmag_R0026) in a range of 39 to 49 kbp (Table 1) . Furthermore, contig sequences of three species of the Clade I haloarchaea, Hpg. xanaduensis SH-6 T , Halovivax ruber XH-70 T and Nnm. pellirubrum DSM 15624 T , were made public from the JGI -Genome Projects. Analysis of these contigs showed that the gene array mentioned above was also detected in the upstream of the 16S rRNA gene in contig60 of Hpg. xanaduensis and contig246 of Nnm. pellirubrum, in exactly the same order as in Htg. turkmenica and Nab. magadii (Table 1 ). The pyrD gene was missing in this region in all strains of Clade I as far as we have investigated. This fact strongly suggests that a gene conversion event occurred in an ancestor of members of the Clade I haloarchaea, resulting in the change of direction of the rRNA operon, during the evolution of extremely halophilic archaea. It might be reasonable to conclude that the 16S rRNA genes, Htur_R0063 and Nmag_R0026, as well as those of contig60 and contig 246 are orthologous.
On the other hand, in the immediate upstream of two paralogous 16S rRNA genes, Htur_R0032 and Nmag_R0001, genes encoding a hypothetical protein and histidinol dehydrogenase were present, followed by many common genes (Supplementary Table S3 ) up to the PHP domain protein gene, Htur_1753 or Nmag_3538 (gene maps of KEGG) in Htg. turkmenica and Nab. magadii, respectively. Contig56 from Hpg. xanaduensis and contig232 from Nnm. pellirubrum also possessed this gene array (Supplementary  Table S3 ). In the immediate downstream of the rRNA operon of Htg. turkmenica and Nab. magadii, there was an array of nine genes. These gene arrays were not detected in species of genera of 'the rest', suggesting the close relationship amongst species of the Clade I haloarchaea.
Positions of pyrD in members of Clade I and other Archaeal species
As described in the Introduction, the pyrD genes of Htg. turkmenica and Nab. magadii were located in definitely separated positions from the three 16S rRNA genes. Analysis of the gene maps of these two species and contig sequences of the three additional Clade I species revealed that the pyrD gene of all five Clade I species was 4-5 genes upstream of the Na + /H + antiporter subunit gene cluster (Supplementary Table S4 ). The gene encoding site-specific recombinase XerD-like protein (XerD) in the upstream of the D1 subunit was also characteristic for the Clade I species. The similar Na + /H + antiporter subunit gene clusters were also present in species of 'the rest', and the dfp gene was present in the upstream or downstream in all species except Nmn. pharaonis.
Ninety two archaeal genome sequences including members of the family Halobacteriaceae are now available at KEGG. In all sequences, the pyrD gene was a single copy gene, except 'Nanoarchaeum equitans' in which the pyrD gene has not been detected. Only one methanogenic archaeon, Methanospirillum hungatei JF-1 T (Anderson et al., 2009) , was shown to possess the pyrD gene in the immediate upstream of a 16S rRNA gene, Mhun_R0027, out of four genes, although in the same direction as the 16S rRNA gene, contrarily to members of the family Halobacteriaceae. The gene array detected in the upstream of the pyrD gene in members of the family Halobacteriaceae, however, was not present in M. hungatei JF-1 T .
Other genes that distinguish the members of Clade I?
In the five species of the Clade I haloarchaea, a gene encoding response regulator receiver modulated GAF sensor protein was present in the immediate upstream of the tRNA-Asp gene, followed by genes encoding RNA polymerase subunits H, B99, B9, A9 and A99. The GAF genes were not present in this position in species of 'the rest' (Supplementary Table S5 ). In the upstream and downstream of a gene cluster coding for eight subunits of ATP synthase, and four gene clusters encoding 25, 12, 4 and 3 ribosomal and related proteins, located in different places of genomes, no meaningful gene arrays were detected common to the Clade I species or species of 'the rest'.
Conclusion
Finally, we would like to propose the following conclusion. Genera of the family Halobacteriaceae are divided into two groups: (1) Clade I that does not possess the pyrD gene in the immediate upstream of any 16S rRNA genes, but probably possesses the dihydrolipoamide dehydrogenase gene, and (2) 'the rest' that possesses the pyrD gene in the immediate upstream of the single, or one out of multiple, 16S rRNA gene, which is the orthologous gene. The specific gene array partially found in the upstream of the pyrD gene of 'the rest' was also conserved in the Clade I haloarchaea. Koonin (2005) defined orthologues and paralogues as follows: orthologues are genes derived from a single ancestral gene in the last common ancestor of the compared species, while paralogues are genes related via duplication. The genome and contig sequences of species of the family Halobacteriaceae recently made public have suggested that most of the database sequences of PCR amplified 16S rRNA genes are correct. They were identical in the case of Hac. jeotgali and Hbt. salinarum, and in most cases differ by one or two nucleotides. These differences should be regarded as within the range of experimental errors, owing to PCR mutation caused by low fidelity of DNA polymerase used, sequencing error, etc.
DISCUSSION
The sequence situation in the genera Haloarcula, Halomicrobium and Halosimplex is slightly different from other genera. It is now recognized that many sequences determined from strains of these genera are chimeras. Even the sequences determined after cloning of PCR products into plasmid vectors are different to some extent from those determined by genome sequencing. For example, EF645680 vs AB355983 from Haloarcula argentinensis JCM 9737 T , 9 nt differences; EF645684 and EF645685 vs Har.japonica_16SA and 16SB from Har. japonica JCM 7785 T , 22 and 17 nt differences, respectively; EF645687 vs the contig sequence from Har. vallismortis CGMCC 1.2048 T , 3 nt differences. The accuracy of the sequences (EF645680-EF645694) determined by Cui et al. (2009) is confirmed by the fact that some of the sequences are exactly the same as those from genome sequences (see Supplementary Fig. S1 ). Furthermore, fourteen sequences have been deposited for Hsx. carlsbadense ATCC BAA-75 T . They differ to some extent from each other and, if these sequences are correct, we have to assume the presence of at least six heterogeneous 16S RNA genes.
These facts, altogether, strongly suggest that in the case of species possessing highly heterogeneous 16S rRNA genes, PCR with non-specific primers that amplify all of the 16S rRNA genes fails to amplify them accurately, yielding chimeric DNA fragments. In this study we have demonstrated that only the orthologous 16S rRNA gene can be amplified accurately by PCR with the pyrD primer set from species of the genera Haloarcula and Halomicrobium. The reliability of the PCR was confirmed by the fact that the sequences of Har. marismortui, Har. vallismortis, Har. japonica and 'Har. sinaiiensis' we determined in this study were exactly the same as the sequences rrs-1, contig0026, Har.japonica_16SA and contig00040, respectively.
Recently, we reported the presence of a coherent group, Clade I, consisting of species of eleven genera, in two phylogenetic trees inferred from 16S rRNA genes and from full-length sequences of the RNA polymerase subunit B9 gene (Minegishi et al., 2010) . Besides the phylogeny based on multiple sequence alignments, another approach, gene order phylogeny, has been used recently, based on comparison of gene orders or gene contents (Belda et al., 2005; Luo et al., 2009) . In this study we found that a gene array starting from the MC1 gene in the immediate upstream of a 16S rRNA gene is conserved throughout species of the family Halobacteriaceae. The presence or absence of the pyrD gene in this gene array was shown to divide the species into two groups.
The pyrD gene encodes dihydroorotate oxidase, with the systematic name (S)-dihydroorotate:oxygen oxidoreductase, catalysing the reaction, (S)-dihydroorotate+O 2 5orotate+ H 2 O 2 , required for de novo synthesis of UMP. Why is the gene located in the immediate upstream of the 16S rRNA gene in species of 'the rest', while in the upstream of Na , was the only other species in the domain 'Archaea' besides members of the family Halobacteriaceae shown to possess the pyrD gene in the immediate upstream of one 16S rRNA gene was interesting from the viewpoint of evolution of halophilic archaea. Methanogenic archaeal members are believed to be closely related to members of the family Halobacteriaceae, as revealed from concatenated gene sequences of transcription and translation machineries (Bapteste et al., 2005; Brochier et al., 2005) . Four types of changes are known to affect the order of genes in prokaryote genomes, inversions and translocations, progressive disintegration, horizontal or lateral gene transfer, and partial duplication (Belda et al., 2005) . In-depth comparison of genomes of the family Halobacteriaceae with that of M. hungatei JF-1 T will shed light on the evolutionary history of methanogenic and halophilic archaea. Gene order information for another species of the genus Methanospirillum, Methanospirillum lacunae (Iino et al., 2010) is highly expected.
It may be scientifically sound to hypothesize that during the evolution of members of the family Halobacteriaceae, a pyrD transposition event happened in one group, and this was followed by subsequent speciation processes in each group.
